The exponential phase of aerobic growth is associated with risk of endogenous oxidative stress in which cells need to cope with an ϳ10-fold increase in the rate of H 2 O 2 generation. We addressed this issue by studying the regulation of the intracellular concentration of H 2 O 2 in aerobically growing Escherichia coli. Intracellular H 2 O 2 was kept at an almost constant steady-state value of ϳ0.2 M (variation, less than twofold) over a broad range of cell densities in rich medium. This regulation was achieved in part by a transient increase in the OxyRdependent transcription of the catalase gene katG (monitored by using a katG::lacZ operon fusion) during exponential growth, directly correlated with the increased rate of H 2 O 2 generation. The OxyR-regulated alkyl hydroperoxide reductase encoded by ahpFC did not detectably affect H 2 O 2 or catalase activity levels. Induction of katG, ahpFC, and perhaps other genes prevented the accumulation of oxidatively modified lipids but may not have protected DNA: the spontaneous mutation rate was significantly increased in both wild-type and ⌬oxyR strains during exponential growth compared to that in these strains during lag or stationary phases. Strains lacking oxyR showed throughout growth an 8-to 10-fold-higher frequency of spontaneous mutation than was seen for wild-type bacteria. The ahp⌬5 allele also had a mutator effect half of that of ⌬oxyR in exponential and stationary phases and equal to that of ⌬oxyR in lag phase, perhaps by affecting organic peroxide levels. These results show that oxyR-regulated catalase expression is not solely an emergency response of E. coli to environmental oxidative stress, but also that it mediates a homeostatic regulation of the H 2 O 2 produced by normal aerobic metabolism. The activation of the oxyR regulon in this process occurs at much lower levels of H 2 O 2 (ϳ10 ؊7 M) than those reported for oxyR activation by exogenous H 2 O 2 (ϳ10 ؊5 M).
The intracellular concentration of hydrogen peroxide (H 2 O 2 ) depends on the rates of H 2 O 2 production and consumption. Physiological production of superoxide anion (O 2 Ϫ ) and the resulting H 2 O 2 in Escherichia coli is mainly related to respiratory activity (13, 18) and varies considerably along the bacterial growth curve (13) . Detoxification of H 2 O 2 in E. coli is due mainly to two distinct species of catalase. The katG gene encodes a bifunctional catalase hydroperoxidase I (HP-I) (6) . HP-I is active as a tetramer of 81-kDa subunits (6) and is transcriptionally induced by OxyR as a part of a genetic response to H 2 O 2 (35) . The katE gene codes for the monofunctional HP-II (25) . HP-II is a tetramer of 78-kDa subunits (7) and is under the control of rpoS, which is activated in stationary-phase cells or upon various types of starvation (33) . Recent studies have also shown an OxyR-independent regulation of HP-I by rpoS in stationary-phase cultures (19) . The total catalase activity in E. coli changes along the growth curve (16) as a consequence of independent changes in HP-I and HP-II activity (26) , but the level at which these changes are regulated has not been assessed.
OxyR also controls the expression of seven or eight other H 2 O 2 -inducible proteins in Salmonella typhimurium and E. coli (5, 15) . S. typhimurium and E. coli ⌬oxyR mutants are hypersensitive to H 2 O 2 and other oxidative agents (5) and exhibit an elevated rate of spontaneous mutations during aerobic growth (15, 34) . Increasing the expression of katG in ⌬oxyR strains decreases the spontaneous mutation rates to near-wild-type levels (15, 34) , which indicates that an increase in metabolically generated H 2 O 2 is responsible for the elevated mutation rate.
However, the molecular mechanisms that limit H 2 O 2 toxicity in normal cells are unclear. Specifically, the possibility that the ⌬oxyR mutator effect applies only to rare individual cells with dramatically increased H 2 O 2 levels rather than to the population as a whole remains. For example, elevated H 2 O 2 levels in individual cells could arise from damage to components of the respiratory chain (13) .
To define the basic features that affect H 2 O 2 levels in E. coli, we have previously characterized the physiological sources of H 2 O 2 production in wild-type E. coli (13) . This previous study showed that significant amounts of hydrogen peroxide are produced during normal aerobic metabolism. In the present work, we have investigated the contribution of catalases and alkylhydroperoxidases to maintaining intracellular hydrogen peroxide at levels that are not toxic to aerobically growing cells. In addition, by measuring the amount of oxidative modifications to different cellular macromolecules, we have determined the extent of oxidative damage that occurs during normal aerobic metabolism.
following antibiotics were used at the concentrations indicated (in micrograms per milliliter): ampicillin, 100; tetracycline, 12.5; streptomycin, 50.
Hydrogen peroxide measurements and calculations. Intracellular concentrations of H 2 O 2 were measured by the procedures previously described (12) . Briefly, bacterial cultures taken at the indicated times were pelleted and resuspended at 10 6 cells/ml in phosphate-buffered saline. H 2 O 2 generated within cells passes through the membranes and equilibrates with the buffer. Samples of the cell suspensions were removed at various times and, after a brief centrifugation (1 min at 6,000 ϫ g), H 2 O 2 concentration in the supernatant was measured by a horseradish peroxidase-scopoletin assay (13) . Complete equilibration of the intra-and extracellular H 2 O 2 level occurs within 10 min in this assay (13 ) were grown for 1 h (lag phase), 4 h (exponential phase), and 16 h (stationary phase). A 1-ml aliquot of each culture was plated on an LB plate containing rifampin (125 g/ml) in 3 ml of molten agar. Rif r colonies were scored after 24 h of incubation at 37ЊC (15) . Results were normalized to the number of cells plated (determined by plating serial dilutions on LB agar) to compare mutation frequencies among the different growth phases. Near anaerobiosis during the growth of strains in rifampin plates was achieved by placing them in a gas-tight Atmos bag (Aldrich) that was flushed and filled with pure argon gas.
Enzymatic activities. Cellular catalase concentrations and glutathione reductase activities were determined in cell lysates as described previously (12, 27) and normalized to the protein content of the lysate as measured by the method of Lowry et al. (28) with bovine serum albumin as the standard. One unit of catalase destroys 1 mol of H 2 O 2 per min. ␤-Galactosidase activity in sodium dodecyl sulfate-CH 3 Cl-treated cells was determined and normalized to the cell density as described by Miller (29) . Absorbance measurements were carried out in a Perkin Elmer UV/Vis spectrophotometer (model Lambda 3A; Perkin Elmer, Oak Brook, Ill.).
Determination of carbonyl content. The content of carbonyl groups in oxidatively modified proteins was measured by determining the amount of 2,4-dinitrophenylhydrazone formed upon reaction with DNPH (8) . After precipitation of nucleic acids with 1% streptomycin sulfate, samples (Ͼ1 mg of protein per ml) were treated with 2 mM DNPH at room temperature, usually for 1 h. In some experiments, a 15-min derivatization time was used, which gave results indistinguishable from those obtained with the longer incubation (14) . Proteins were precipitated with 10% TCA, washed with ethanol-ethyl acetate (1:1), and redissolved in 6 M guanidine hydrochloride-20 mM potassium phosphate (pH 2.3) (23). Carbonyl content was calculated from the absorbance maximum of 2,4-dinitrophenylhydrazone at 390 nm normalized to the absorbance at 350 nm, with an ε 390-350 of 22 mM Ϫ1 cm Ϫ1 (21) . Results were expressed in nanomoles of carbonyl groups per milligram of protein.
Determination of TBARS. Thiobarbituric acid-reactive substances (TBARS) were measured in isolated membranes prepared by a standard procedure (18) from lag-, exponential-, and stationary-phase cultures. Cell suspensions were precipitated with TCA, centrifuged, and incubated with thiobarbituric acid for 10 min at 100ЊC in the presence of 10 mM butylhydroxytoluene (9) . The amount of TBARS formed was expressed in nanomoles per milligram of protein, with an ε 535 of 156 mM Ϫ1 cm Ϫ1 (1). Statistics. Each result is indicated as the mean value of at least four independent experiments Ϯ the standard error of the mean (SEM).
RESULTS
Regulation of the intracellular concentration of H 2 O 2 in E. coli. Our previous studies (13) showed that the rate of H 2 O 2 production increases Ͼ10-fold during exponential growth. We therefore measured the concentration of H 2 O 2 in intact E. coli AB1157 as a function of aerobic growth in rich medium. These measurements revealed that the intracellular H 2 O 2 concentration ranged from 0.13 to 0.25 M (Fig. 1A) , which points to the existence of regulatory systems that maintain intracellular levels of H 2 O 2 within a narrow range. During the first 2 h of growth, a 50% decrease in the catalase activity was accompanied by a significant rise in the intracellular H 2 O 2 concentration (Fig. 1A) . The H 2 O 2 level remained elevated for an additional 2 h of growth, after which the oxidative imbalance was counteracted by a 10-fold increase in the total catalase concentration to restore a lower H 2 O 2 concentration (Fig. 1A) .
To determine which enzyme was responsible for the increase in catalase content in mid-to late-exponential phase, we measured the catalase profile in strains lacking either HP-I (katG [BGF611]) or HP-II (katE [BGF711]). The total catalase activity increased only twofold during exponential phase (up to 6 h of growth) in the HP-I-deficient strain, whereas the pattern followed by the HP-II-deficient strain was similar to that of wild-type E. coli, but with slightly lower absolute values (Fig.  1B and C) .
To test if HP-I was responsible for maintaining H 2 O 2 levels, we measured this metabolite in the mutant strains. The intracellular concentration of H 2 O 2 in BGF611 (katG mutant) was significantly increased compared to those in the katG ϩ strains at every time point except in the stationary phase. Thus, katGencoded HP-I enzyme activity is a major activity that modulates H 2 O 2 levels during exponential growth. However, the increase in the H 2 O 2 level in BGF611 is less than might be expected for the mere loss of HP-I, which could indicate that there are compensating changes in these cells (see below). The HP-II enzyme made only a small contribution to the total catalase activity at 5 to 7 h of growth, but at 16 h it represented the dominant form after HP-I levels had decreased about threefold (Fig. 1C) .
Since katG is dually regulated by oxyR and rpoS, we determined which of these regulators governs the exponential-phase increase in catalase. These studies employed a single-copy katG::lacZ operon fusion to report the transcriptional activity (Fig. 2 ) essentially paralleled the variation in the catalase activity measured directly (Fig. 1C) (R ϭ 0.91), suggesting that transcriptional regulation is the main or even the sole mechanism for growth-dependent catalase HP-I regulation. This transcriptional up-regulation was preserved in an rpoS mutant, greatly attenuated in an oxyR mutant, and completely absent from an oxyR rpoS double mutant (Fig. 2) . These data suggested that OxyR activity varies continuously during growth, and this hypothesis was tested by monitoring the activity of another oxyR-regulated enzyme, glutathione reductase. The pattern for this enzyme (Fig. 3) essentially paralleled that for HP-I catalase (Fig. 1C) .
The oxyR-dependent changes in katG expression during growth could be related to either the increased rate of H 2 O 2 production or to the steady-state level of H 2 O 2 . We therefore attempted to correlate these parameters with katG expression or with catalase activity. The rate of H 2 O 2 production in strain BGF931 was linearly related to the expression of katGЈ::lacZ (Fig. 4A) and to the catalase concentration (14) . The intracellular concentration of H 2 O 2 did not correlate well with either katGЈ::lacZ expression (14) or catalase activity (Fig. 4B) . We did not attempt to correlate H 2 O 2 production and catalase levels, because these are not independent variables (Materials and Methods).
The effect of regulatory defects in oxyR or rpoS on the oxidative status of the cell was also examined. A ⌬oxyR strain failed to increase catalase activity in lag and exponential phases, and total catalase remained depressed relative to that of wild-type cells, even in stationary phase (Fig. 5) . As a result, the intracellular H 2 O 2 concentrations in the ⌬oxyR strain were increased to values ranging from 0.5 to 1 M (Fig. 5) , much higher than those found for the katG mutant (Fig. 1B) . Interestingly, rpoS deficiency did not further affect the catalase or H 2 O 2 concentration in either the wild-type or the ⌬oxyR strain at all stages of growth (14) .
The higher values for the H 2 O 2 concentration in the ⌬oxyR strain TA4112 and the smaller-than-expected effect of katG on H 2 O 2 levels (Fig. 1B) imply that other oxyR-regulated activities could act in concert with HP-I to limit intracellular H 2 O 2 . One candidate for such an activity is the AhpFC alkyl hydroperoxide reductase (20) , which was recently reported to use H 2 O 2 as a substrate in vitro (31) . However, the ahp⌬5 strain TA4482 had levels of intracellular H 2 O 2 concentration and catalase activity that were the same as those measured in wild-type E. coli (data not shown) (cf. Fig. 1A) .
Oxidative damage to cellular components by sublethal increases in H 2 O 2 . The increased concentration of H 2 O 2 in exponentially growing AB1157 and in the katG mutant and ⌬oxyR strain prompted us to evaluate the occurrence of oxidative damage in those cells. Oxidative protein damage was monitored by assaying for protein carbonyls (23), membrane damage was estimated as TBARS concentration, and spontaneous mutations were scored as an indirect indicator of DNA damage. The growth rates of wild-type, katG mutant, ahp⌬5, and ⌬oxyR strains were determined for lag, exponential, and stationary phases.
The frequencies of spontaneous mutations in the wild-type, katG mutant, and ⌬oxyR strains were two-to fivefold higher during exponential growth than those during lag or stationary phase ( Table 2 ). The mutation frequency in the ⌬oxyR strain TA4112 was ϳ10 times higher than that of the wild type at each stage of growth (Table 2) . Unexpectedly, the katG mutant displayed wild-type mutation rates at all stages of growth (Table 2). Although alkyl hydroperoxide reductase activity did not detectably affect H 2 O 2 levels (see above), the spontaneous mutation frequency for the ahp⌬5 strain TA4482 was elevated at each stage of growth and was as high in lag phase as in exponential phase (Table 2) . For all the strains except TA4482, the mutation frequency directly correlated with the intracellular steady-state concentration of H 2 O 2 ( Fig. 6A) rather than with its rate of production (Fig. 6B) , although there was still an association (R ϭ 0.75) in the latter comparison. As found by others (35) , the introduction into TA4112 of multicopy plasmids bearing either katG or oxyR decreased the frequency of spontaneous mutations to wild-type values (14) .
As a further check of the contribution of H 2 O 2 to the increased mutation rate in the ⌬oxyR strain, AB1157 and TA4112 were grown to exponential phase (20 h) and tested for the occurrence of Rif r colonies under low-oxygen conditions. Under these circumstances, low mutation frequencies of 0 and 2 Ϯ 1 colonies/10 9 cells were obtained for the wild-type and ⌬oxyR strains, respectively. Both values were significantly lower than the value for the exponentially growing wild-type strain under aerobic conditions (Table 2) . A mutator effect of ⌬oxyR mutations and its aerobic dependence were previously reported (15, 34) , but this effect was not assessed as a function of the cell growth state.
Although protein oxidative damage (estimated as protein carbonyls) varied with the growth phase, there was never a significant difference in the carbonyl content between the wildtype and any of the mutant strains (Table 2) . For lipid damage estimated as TBARS concentration (Table 2) , the katG, ahp⌬5, and ⌬oxyR strains all exhibited higher levels than the wild-type strains during lag phase. During exponential phase, the ⌬oxyR strain had higher TBARS levels than did the wildtype parent or ahp⌬5 strains, while during lag phase, only the ahp⌬5 strain had TBARS levels significantly higher than those of its wild-type parent. Thus, even when alkyl hydroperoxide reductase is functional, excessive accumulation of H 2 O 2 evidently leads to the accumulation of lipid peroxides, as can normal H 2 O 2 levels in the absence of ahpFC.
The growth rates of exponential-phase cultures also reflected the intracellular concentration of H 2 O 2 . Doubling times for strains AB1157 and BGF611 were 45 Ϯ 5 and 45 Ϯ 7 min, respectively. For strains RK4936, TA4482 (ahp⌬5), and TA4112 (⌬oxyR), the doubling times were 45 Ϯ 4, 45 Ϯ 3, and 70 Ϯ 5 min, respectively, which suggests a modest cytostatic effect of the approximately fourfold-increased steady-state concentration of H 2 O 2 in strain TA4112.
DISCUSSION
We have shown here (i) that E. coli maintains the intracellular concentration of H 2 O 2 within a surprisingly narrow range (ϳ0.2 M) although the metabolic generation of H 2 O 2 varies Ͼ10-fold during growth; (ii) that a significant amount of this homeostatic control during exponential growth seems to be accomplished by the transcriptional regulation of the katGencoded HP-I; (iii) that the variation of HP-I catalase levels reflects a continuous variation in the degree of OxyR activation; (iv) that the protective role of OxyR activation is a population-wide phenomenon, rather than one restricted to occasional cells undergoing more intense oxidative stress; (v) that the physiological trigger point for OxyR seems to lie at ϳ0.2 M, the level above which katG up-regulation is observed; and (vi) that ahpFC plays an antimutator role but does not regulate H 2 O 2 levels. These key points are discussed below.
It is noteworthy that the ⌬oxyR mutation led to higher levels of H 2 O 2 in all phases of cell growth than did inactivation of the oxyR-regulated katG gene (Fig. 1B and 2 and Table 2 ). Since the ahp⌬5 mutation did not significantly affect H 2 O 2 levels, still other oxyR-regulated functions must play a role in limiting the concentration of this metabolite.
The increased concentration of H 2 O 2 upon entering exponential growth could be associated with the occurrence of oxidative DNA damage, as evidenced by the increased frequency of spontaneous mutations, and was associated with growth impairment in TA4112. Lipid peroxidation damages (estimated here as TBARS concentration) could exert a mutagenic effect by leading to DNA modification (4) . Such an effect would be consistent with the elevated TBARS levels and mutation frequencies for both the ⌬oxyR and ahp⌬5 strains in lag phase and for the ⌬oxyR strain in exponential growth (Table 2). The continued mutator effect of ahp⌬5 in exponential and stationary phases indicates that alkyl hydroperoxide reductase eliminates other mutagenic metabolites not detectable by the TBARS assay.
The present observations suggest a set point near 0.2 M for triggering OxyR activation. Surprisingly, the rate of H 2 O 2 production correlated more closely with OxyR activity than did the intracellular H 2 O 2 concentration. OxyR in vivo may be sensitive to changes in the H 2 O 2 levels rather than to the absolute values, analogous to signal processing in chemotaxis (22) .
The increased occurrence of oxidative damage in cells lacking the oxyR-dependent response to H 2 O 2 and in wild-type bacteria during exponential growth suggested that the 0.2 M value for the intracellular concentration of H 2 O 2 is about optimal in balancing cell growth with defense needs. Interestingly, twofold increases in the intracellular H 2 O 2 concentration accompanying inactivation of antioxidant enzymes caused irreversible damage in rat tissues (10, 11) , indicative of the potential for biologically important effects due to relatively small changes in the cellular oxidant status.
The complete loss of katG transcriptional regulation in the ⌬oxyR rpoS double mutant was unexpected, in part because of the near-normal pattern seen for the rpoS single mutant (Fig.  2) . It seems possible that oxyR ϩ might somehow compensate for the missing regulation in the rpoS strain, especially in stationary phase. The activation of OxyR to compensate for an rpoS mutation would imply that significant amounts of H 2 O 2 are generated in stationary phase in rpoS cells, perhaps because HP-II activity remains below normal levels. More 70 -containing RNA polymerase could also remain in the rpoS mutants than in wild-type cells to support OxyR-dependent transcription (19) . Conversely, the higher level of expression of katG::lacZ at all times in the oxyR mutant strain compared to the oxyR rpoS double mutant indicates that rpoS can contribute to HP-I expression even during exponential growth.
On the basis of this paper and previous reports by Imlay and Fridovich (18) and by us (13) , it is possible to draw an integrated scheme for the metabolism of oxygen free radicals in E. coli. Superoxide (O 2 Ϫ ) production as a by-product of respiratory activity would proceed at a rate of ϳ4 ϫ 10 Ϫ6 M s Ϫ1 (18) (13, 18) . This regulation is due to oxyR-dependent regulation of HP-I activity and perhaps to soxRS-dependent regulation of Mn-superoxide dismutase (12) . The rate of oxidation of cellular components by O 2 Ϫ , H 2 O 2 , or HO ⅐ will depend on the overall metabolic status of the cell and on the concentrations of reactive oxygen species and transition metals such as iron. Finally, the cellular content of oxidized lipids, proteins, and DNA in a given cell will also depend on the activity of the repair and degradation systems for damaged molecules. It also seems possible that changes in the cellular permeability to H 2 O 2 and O 2 Ϫ might constitute important parameters, but such changes have not been documented.
